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Multipactor discharges are widely observed in the accelerator field, and their suppression has
been studied to improve accelerator performance. A dielectric-assist accelerating (DAA) cavity is
a standing-wave accelerating cavity that attains a Q-value of over 100,000 at room temperature by
using the reflection of the dielectric layer; the DAA cavity is expected to be used with a small RF
power source and high-duty operation. Thus far, the maximum accelerating field of DAA cavities
has been limited to a few MV/m by the multipactor. By applying a diamond-like carbon (DLC)
coating to reduce the secondary electron emission coefficient without sacrificing the Q-value of the
cavity, we have demonstrated that a 6 [µs] RF pulse can be injected into a DAA cavity with a field
of more than 10 [MV/m] while suppressing the multipactor.
Multipactors are a widespread phenomenon in the ac-
celerator field and have appeared in the development
of RF windows, accelerator tubes, and beam pipes. In
the multipactor phenomenon, the number of electrons
increases exponentially owing to repeated resonant col-
lisions of electrons on the surface of a material in an
alternating electric field; it occurs when the secondary
electron yield (SEY) of the material is greater than one.
There are the several classes of multipactor suppression
methods that aim to reduce the SEY through applica-
tion of a coating of low SEY material such as TiN [1, 2]
or amorphous carbon [3–5], or by grooving [6], reducing
the tangential electric field on the surface, or applying a
solenoidal magnetic field [7, 8].
The RF accelerating cavity is widely used to generate
high-energy beams in numerous scientific and technolog-
ical applications. One of the figures of merit of an RF
cavity is the Q-value, which represents the power effi-
ciency of the cavity and is determined according to the
conductivity of the material and the structure. The su-
perconducting cavity has a high Q-value of greater than
order O(1010) at low temperature T < 4.2 [K], while the
normal conducting cavity has a Q-value of O(104) work-
ing at room temperature, as determined by the ohmic loss
of the metal. Recently, it was proven that a dielectric-
assist accelerating (DAA) structure could attain a high
Q-value of O(105) at room temperature [9, 10] through
a reduction in the surface magnetic field using the reflec-
tion of a dielectric layer exceeding the limits of the Q-
value determined by the ohmic loss. Figure 1 (a) shows
a five-cell DAA cavity with a Q ∼ 1.2×105, which is one
order of magnitude larger than the typical Q-value of a
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normal conducting cavity.
The maximum accelerating field of a dielectric-based
accelerating cavity is limited by multipactors and break-
downs. [11] Numerous high-power tests of X-band
dielectric-loaded accelerating structures (DLA) have
been performed, and accelerating fields of up to 20 MV/m
have been achieved by applying an axial magnetic field to
suppress multipactors. [8] The study of photonic bandgap
cavities using sapphire rods shows a maximum electric
field of 19.1 MV/m, which is limited by breakdowns in
triple junctions. [12] In both examples, short RF pulses of
100 [ns] to 500 [ns] in the X-band are fed in. In contrast,
in a DAA cavity, relatively long RF pulses of several µs
are fed in at a lower frequency, the C-band. In the case
of our DAA cavity, the maximum value of the acceler-
ating field was limited to approximately 1 or 2 MV/m
without the SEY countermeasure. Attempts have been
made to suppress the multipactor effect in DLA struc-
tures by lowering the SEY with TiN coating. However,
in the case of DLA with TiN coating, it is not possible to
completely suppress the multipactor. [13] Recently, it has
been shown that a diamond-like carbon (DLC) coating
is relatively more resistant to multipacting than TiN as
a coating for the inner surface of a metal standing-wave
accelerating cavity in the X-band. [14].
The ideal coating for a DAA cavity will be a material
that has both very low electrical conductivity and SEY.
A coating of a material with high electrical conductivity,
such as the TiN coating, reduces the Q-value of the DAA
cavity by increasing the ohmic loss on the surface of the
dielectric cells. In fact, as shown in Table I, when a
TiN coating with a thickness of 10 [nm] was applied to
both sides of the ceramic cells of the five-cell DAA cavity
fabricated in our previous work [10], the reduction in the
Q-value was approximately 40 [%]. A TiN coating of a
few nanometers in thickness will not suffice because it will
be displaced by the electrical discharge occurring during
conditioning. [13]
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2Coating f0 [MHz] β Q0
w/o coating (set 1) 5708.29 1.4 112000
TiN (set 1) 5713.01 0.79 64000
w/o coating (set 2) 5717.10 0.93 113000
DLC (set 2) 5717.07 1.0 116000
TABLE I: Effect of TiN coating and DLC coating on the
Q-value of the five-cell DAA cavity. There are two sets of
dielectric cells in the five-cell DAA cavity, each with different
dimensional errors. TiN coating was applied to both sides of
all cells in set 1, with a thickness of 10 [nm]. DLC coating
with a thickness of 0.5 [µm] was applied on both sides of all
cells in set 2. The Q-value was measured via the coupler
and mode converter shown in Figure 1 (c) from S11 using the
Agilent N5230A network analyzer.
DLC has a low SEY and low electrical conductivity,
and is composed of sp2 (graphene-like) and sp3 (diamond-
like) bounds of carbons. The SEY of DLC coating is less
than 1.5. [15] We also measured the SEY of the DLC
coating on an MgO sample with a thickness of 0.5 [µm]
using an SEM-based device at KEK [16]. Then, in the
incident energy range between 0.5 [keV] and 2.0 [keV],
the measured SEY monotonically decreased from 1.4 to
0.7, and the SEY was δ < 1 below the incident energy of
1.1 [keV]; this was lower than the measured SEY of the
TiN coating on the MgO. Moreover, the DLC coating on
the surface of a dielectric cell does not affect the Q-value
because the DLC coating has a high electrical resistance
at room temperature. [17] As shown in Table I, the DLC
coating of 0.5 [µm] thickness on both sides of the ceramic
cells of the five-cell DAA cavity resulted in a Q-value
change of approximately 3 [%], which is within the error
of low-power measurements.
Figure. 1 (e) shows the MgO cell after application of
the DLC coating. We applied DLC coating processed
by the plasma CVD method with a thickness of 0.5 [µm],
hydrogen content of 5 ∼ 50 [%], and sp3/(sp2 + sp3) ratio
of 20 ∼ 50 [%].
In this study, we performed a high-power test of the
two-cell DAA cavity with low-SEY and low-conductivity
DLC coating. The various conditions are described as
follows.
To focus on the effect of the surface treatment on the
accelerating gradient, we fabricated a DAA test cavity
with two cells. In order to implement the translational
symmetric field configuration shown in Figure 1 (b) and
reduce the tangential electric field on the surface of the
DAA cells, we did not adopt the end cell structure to
mitigate the power loss at the copper endplate, as dis-
cussed in [9]. The Q-value of our fabricated test cavity
was Q0 ∼ 2.7× 104, which is approximately 25 [%] lower
than the Q-values of the simulations assuming electrical
conductivity ρ = 1.72 × 10−8 [Ω/m] and dielectric loss
tan δ = 6 × 10−6. This is due to the insufficient contact
and surface treatment of the metal cavity and end-plates.
As shown in Figure 1 (c), the test cavity is composed of
a copper end-plate, copper cylinder, coupler, the mode
converter, and dielectric cell. Figure 1 (d) shows the
MgO cell after machining with tolerances from 0.01 [mm]
to 0.07 [mm]. The MgO ceramics had the same charac-
teristics as those used in the previous work [10], i.e., a
relative permittivity of r = 9.64 and a loss tangent of
tan δ = 6× 10−6.
Figure 1 (f) is an RF schematic showing the power
source, waveguide, acceleration cavity, and measurement
system that comprise the C-band test stand. The C-band
RF was produced by a Tektronix TSG 4106A signal gen-
erator (SG) and amplified by a solid-state amplifier and
the klystron. The DAA cavity was installed in the vac-
uum chamber and connected to the rectangular waveg-
uide via the mode converter. We placed a Faraday cup
in front of the mode converter to measure the dark cur-
rent emitted from the beam hole in the coupler side. We
placed a pickup antenna composed of semi-rigid coax ca-
ble outside the copper endplate, along the beam axis.
The stored power Pc coupled to the antenna was trans-
mitted through the cable, the attenuator (Lucas Wein-
schel Model 47), and a Keysight 8472B crystal diode,
which generated a rectified voltage to be monitored by
an oscilloscope (Iwatsu DS-5514). The measurement us-
ing the signal generator indicated that the attenuator
damped the input RF power by 41 [dB].
In the following, we describe the in situ measurements
of the Q-value and the transmission coefficient repre-
senting the coupling of the antennas. As shown in Fig-
ure 1 (f), the 4-port circulator is equipped with two vac-
uum windows, and the section between them is at atmo-
spheric pressure and can be removed. Thus, we could
perform low-power measurements of the cavity through
the waveguide from the position of the vacuum window.
The transmission coefficient S12 from the waveguide to
the antenna and coaxial cable (Huber & Suhner Sucoflex
104) could be measured directly to obtain information on
the coupling between the antenna and the cavity, includ-
ing the transmission loss of the coaxial cable. Neglecting
the transmission loss by the rectangular waveguide, we
can obtain the ratio of the power observed by the an-
tenna via the coaxial cable and that stored inside the
cavity from the transmission coefficient S12.
Coating f0 [MHz] QL (×104) β Q0 (×104) S21 [dB]
uncoated 5736.81 1.1 1.5 2.7 32.7
DLC1 5739.72 1.2 1.1 2.7 26.7
DLC2 5729.65 0.88 2.1 2.7 33.1
TABLE II: Results of the low-power test conducted using the
network analyzer.
Table II shows the results of the low-power measure-
ment described above. The rows represent the coat-
ing conditions, i.e., without coating (uncoated) and with
DLC coating with a thickness of 0.5 [µm] (DLC1, DLC2).
Different pairs of dielectric cells were used in each condi-
tion, and the dimensional errors in the cells shifted the
3FIG. 1: (a) Schematic representation of the original DAA cavity [10]. (b) Cross-section of the electric field of the accelerating
mode calculated using SuperFish. (c) Development view of the two-cell cavity. (d) MgO cell without coating and (e) with
DLC coating with a thickness of 0.5 [µm]. (f) RF system of the high-power test from the klystron to the measurement of stored
power through the antenna.
resonant frequency and coupling. f0 is the resonant fre-
quency of the cavity. QL = Q0/(1+β+βa) is the loaded
Q-value, where the coupling between the cavity and the
antenna satisfies βa  1 and β is the coupling through
the iris of the coupler.
The stored power Pc can be reconstructed via two inde-
pendent methods using the measurements from the low-
power test.
In the first method, the transient model is used to com-
pute Pc(t) from the input waveforms Pin(t), and the mea-
sured loaded Q value QL. We assume that there is no
loss due to time-varying multipactors in the cavity and
then QL is constant. By using the relation of power con-
servation dWc/dt = Pin − Pref − PBc , Q0 = ωWc/PBc ,
Pin = GwgV
2
in, Pref = Gwg(Vc − Vin)2, PBc = (Gwg/β)V 2c ,
the cavity voltage Vc, and waveguide voltage follow
Tf
dVc
dt
+ Vc =
2β
1 + β
Vin, (1)
where Tf = QL/(pif0) and Gwg denotes the waveguide
admittance. By substituting the measured time variation
of the incident power Pin(t) into Eq. (1), we obtain the
stored power PBc (t).
The second method reconstructs the stored power PAc
using the transmission coefficients S21, attenuator, and
crystal diode. Using the signal generator, we measured
the relation between the input power and the output volt-
age, fdBm(lnV ), for the crystal diode and RF power me-
ters, where V is the voltage measured by the oscilloscope.
Then, we can reconstruct the stored power PAc as
Pc = 1 [mW] · 10fdBm(lnV )/10 · 10−S21 [dB]/10 · 10∆Att/10,(2)
where ∆Att ∼ 41 is the power reduction measured by the
attenuator.
From the simulation using Superfish, the fraction of
shunt impedance per unit length in the Q-value is ob-
tained as Z/Q0 = 4.25 [kΩ/m], which is independent
of the properties of the materials. To obtain the shunt
impedance per unit length Z, we multiplied the mea-
sured Q0 by the fraction. Combining the above quan-
tities, we can obtain the peak accelerating voltage as
Ez,max =
√
Z · Pc/L, where we use a cavity length of
L = 52.485 [mm].
The repetition rate of the RF pulses is 50 [Hz]. During
the experiment, the RF frequency, magnitude of the in-
cident power, and pulse length of the RF input from the
4klystron to the DAA cavity can be changed at any time.
We investigated the upper limit of the stored power by in-
creasing the incident power from approximately 100 [W]
to 100 [kW]. In this process, the RF frequency and pulse
length were repeatedly adjusted to maximize the power
waveform in the cavity measured by the antenna. In the
case of DLC1 and DLC2, the conditioning time to reach
an accelerating field of 10 MV/m was approximately 6 h,
which is shorter than the conditioning time of the normal-
conducting cavity.
Coating PAc [kW] P
A
c /P
B
c P
A
c /P
C
c E
A
z [MV/m] Nshot(×106)
uncoated 0.89 0.010 0.013 1.4 1.5
DLC1 56 0.92 0.74 11 1.5
DLC2 48 1.2 1.0 10 3.8
TABLE III: Peak stored power in the cavity is calculated
by two methods: (1) using signals from the pickup antenna
and (2) using the pulse of the incident RF power. PCc =
max(Pin(t) − Pref(t)). EAz is the peak accelerating gradient
calculated by PAc . DLC1 and DLC2 denote the DLC-coated
cells, with a thickness of 0.5 [µm] on both sides.
In Figures 2, 3, and 4, we show the waveforms of the
measured incident power (blue), reflected power (red),
and the stored power reconstructed by the antenna (yel-
low), PAc , and by the incident power (green), P
B
c .
As shown in Figures 3 and 4, power equivalent to an
accelerating electric field of over 10 [MV/m] could be in-
put when approximately 0.5 [µm] of DLC was applied.
Table III shows each measured maximum stored power
value and its conversion to the maximum accelerating
electric field corresponding to these waveforms. In the
DLC1 test, when the accelerating electric field was in-
creased further, a large discharge occurred and the pulses
stopped coming in. In the DLC2 test, the pulse length
was extended to approximately 7 [µs] while maintaining
10 [MV/m], resulting in a waveform similar to that of
DLC1.
In an uncoated MgO cell, the stored power is saturated
when the accelerating electric field is at the maximum
electric field Ez,max ∼ 2 [MV/m]. In this case, the satu-
ration value of the stored power does not change even if
Pin increases with the same pulse length Tp. When the
stored power is saturated, extending the pulse length Tp
can extend the region where the stored power waveform
is flattened to 10 [MV/m]. The reflected waveform is not
consistent with the transient model; above 1 [MV/m],
the waveform is maintained at the same depth after a
slight absorption.
When DLC coating was applied, the stored power in-
creased in stages until a breakdown occurred in the cav-
ity. Once the breakdown occurred, the stored power
waveform became unstable and did not improve with fur-
ther conditioning. After the test, some traces of electric
discharge remained at the cell contact area and at the
contact area between the cell and the metal end-plates,
as shown in Figure. 6. Therefore, we consider that the
microgap discharges at the cell junctions determine the
maximum accelerating electric field in the DLC-coated
DAA cavity. In order to obtain a higher accelerating field,
countermeasures against breakdowns at the cell junctions
are required. For example, methods of separating the di-
electric cells from each other or separating the dielectric
cells from the metal end-plates have been proposed in
[18, 19].
In conclusion, By applying a DLC that lowers the SEY
without reducing the Q-value, we have demonstrated
that accelerating fields above 10 [MV/m] can be applied
for pulses as long as 6 [µs], thus suppressing the multi-
pactor that has limited the accelerating field of the DAA
cavity. We have also demonstrated that, owing to the
very high resistance of the DLC coating, even a 0.5 [µm]-
thick DLC coating on both sides of a dielectric cell does
not reduce the Q-value O(105) of a five-cell DAA cavity.
One possible application of the DAA cavity is as a com-
pact power source for X-ray and RI production, as DAA
cavities have a power efficiency one order of magnitude
higher than that of a normal-conducting cavity. In the
future, if the anti-breakdown treatment is successful and
the accelerating field can be further extended to tens of
MV/m, a linear accelerator facility such as an FEL may
be able to operate at room temperature without RF pulse
compression by the SLED cavity.
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